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Abstract 
Uptake rate constants for atmospheric methane consumption by the 4-6 cm depth interval of a forest soil did not change 
during 4 months incubation in vitro, even though atmospheric methane concentrations were significantly higher than in situ 
concentrations. Uptake rate constants were also unaffected by continous incubation at a constant methane concentration of 
17 ppm for 2 weeks and 170 ppm for 3 weeks. Uptake rates during incubation with 1000 ppm methane increased 176-fold 
when assayed with 1000 ppm methane and 5.5-fold when assayed with 1.7 ppm methane. These enhancements were lost 
after subsequent incubation with atmospheric methane. The ratio of methane oxidized to carbon dioxide produced varied 
from 49-53% at methane concentrations up to 170 ppm. Incorporation of 14C-methane into phospholipids was 0.35% and 
0.22% at atmospheric and 170 ppm methane concentrations, respectively, suggesting that patterns of assimilation were 
independent of methane concentrations. Addition of several carbon substrates (glucose, starch, yeast extract, methanol, 
ethanol, formate, acetate, malate, or lactate) to soils incubated at 1.7 or 100 ppm methane did not stimulate methane 
oxidation. Addition of copper, nitrate or a mineral medium also did not affect methane oxidation. However, incubations with 
0.2 or 2% oxygen resulted in lower activity than with ambient air. The methane-consuming capacity of soil decreased 
exponentially with time when starved for methane by continuous incubation with air containing < 0.03 ppm methane. After 
6.3 days of starvation, the soil lost 50% of its original activity; activity was not recoverable after further incubation with 
atmospheric methane. Methane uptake by soil was rapidly inhibited by the addition of antibacterial antibiotics (streptomycin, 
chloro-tetracycline, chloramphenicol, ampicillin) as well as by the eukaryotic antibiotic, cycloheximide. Culture suspensions 
of Methylosinus trichosporium OB3b showed a similar sensitivity to both types of antibiotics. Cell suspensions of 
Methylosinus trichosporium OB3b and Methylobacter albus consumed atmospheric methane, but consumption rates 
decreased continuously over a period of 15 days. In contrast, methane consumption by soil incubated under the same 
conditions was temporally stable. However, cell suspensions of both cultures showed higher consumption rates for 
atmospheric methane when sprayed on sand relative to incubations in liquid media. 
Keywords: Atmospheric methane; Soil methane consumption; Various methane concentrations; Methylminus trichosporium OB3b; 
Methylobacter albus 
1. Introduction 
* Corresponding author. Present address: Max-Planck-Institut 
fir Terrestrische Mikrobiologie, Karl-von-Frisch-Str., D-35043 
Marburg, Germany. Tel: +49-6421-28 7060; Fax: + 49-6421-16 
1470; E-mail: schnell@mailer.uni-marburg.de 
Atmospheric methane consumption has been re- 
ported for various temperate and tropical forest, 
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grassland and tundra soils [1,4,13,18,25-271. The 
role of terrestrial environments as the only net 
methane sink has been recognized as an important 
component of global methane dynamics. Controls of 
atmospheric methane consumption are currently the 
focus of intensive study, and some regulatory factors 
have been identified. Soil moisture strongly affects 
the capacity for methane consumption by determin- 
ing the extent of diffusion between the soil gas phase 
and the atmosphere [1,6,7,27]. Soil nitrogen, and 
ammonium in particular, can effectively inhibit 
methane oxidation. Ammonium competes with 
methane at the level of methane monooxygenase; it 
is first oxidized to hydroxylamine and then to nitrite, 
both of which are toxic intracellular products 
[10,11,17,20,28]. Ammonium appears to inhibit 
methane consumption in the surface layer of soils 
1241, possibly accounting for the typical sub-surface 
(4-8 cm) maximum of methane-consuming activity. 
Ammonium-oxidizing bacteria have been suggested 
as the organisms responsible for atmospheric methane 
consumption [19,25]. However, the location of maxi- 
mum potential nitrification rates at the soil surface 
where concentrations of ammonium and nitrate are 
highest [24] is inconsistent with significant methane 
consumption. 
Kinetic studies of methane oxidation by soil have 
shown a low V,,, and high affinity activity associ- 
ated with atmospheric methane consumption, but a 
high K,, and low affinity activity after preincuba- 
tion of soil with high methane mixing ratios (20%; 
[4]). The latter activities are consistent with the 
characteristics of known cultures of methanotrophs 
and methane-oxidizing nitrifiers. Bacteria with affini- 
ties for methane comparable to those of soil remain 
uncultivated. Whether or not methane-oxidizing bac- 
teria can ever grow at ambient methane concentra- 
tions is also unclear. Conrad [5] concluded from the 
kinetic characteristics of existing cultures that ambi- 
ent methane mixing ratios are probably too low to 
allow growth. However, the ubiquity of methane 
consumption by diverse soils suggests that at least 
some methanotrophs are capable of maintenance and 
probably slow growth. 
We have characterized the response of atmo- 
spheric methane consumption to possible co-sub- 
strates and a variety of potentially limiting inorganic 
nutrients. The response to methane starvation and to 
elevated methane levels was examined. Two strains 
of methanotrophs (Merhylobacrer albus, group I and 
Methylosinus frichosporium OB3b group II) were 
examined for their ability to oxidize atmospheric 
methane and compared to those of soil. 
2. Materials and methods 
Forest soil (pH 4) was collected with acrylic tubes 
from a mixed hardwood-conifer forest adjacent to 
the Darling Marine Center, Walpole, ME. Detailed 
site descriptions and sample collections are given in 
King and Adamsen [14]. For most experiments, soil 
was collected exclusively from the most active depth 
interval (4-6 cm). Soil was sieved (5 mm) to remove 
stones and roots and pre-dried at ambient laboratory 
temperature if necessary to a water content of ap- 
proximately 25%. 
For the enrichment experiments with soil cores, 
six Plexiglas core tubes (6.4 cm diameter, 30 cm 
length) were sealed at the bottom with butyl rubber 
stoppers, and filled to a height of 16 cm with well- 
mixed soil from the depth interval of maximum 
methanotrophic activity (4-6 cm>. The cores were 
placed in a plastic incubator to maintain a constant 
moisture content, and were supplied continuously 
with ambient air or air/methane mixtures. Methane 
uptake was followed frequently by temporarily seal- 
ing the cores and measuring headspace methane 
concentrations. Cores were incubated initially with 
ambient methane concentration (1.7 ppm); after 4 
months, methane concentrations were increased step- 
wise to 17 ppm (for 2 weeks), 170 ppm (for 3 
weeks), and finally 1000 ppm (for 5 weeks). Water 
content of the cores were followed by determining 
core weights and adding water at the soil surface as 
necessary. Depth profiles of methane in the cores 
were obtained with stainless-steel needles fitted with 
plastic luer-lok syringes. Methane consumption rates 
at different depths were measured by sectioning three 
of the soil cores and placing 5 g soil into 120-ml 
glass jars that were sealed with rubber stoppers. 
Methane concentrations in the jar headspaces were 
followed at intervals. 
Different substrates were added separately as 
aqueous solutions to soil samples (1 ml to 10 g soil) 
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jars. Controls were supplemented with equal amounts say). 100 ~1 14CH4 was used for assays with 170 
of deionized water. Soils were incubated with 100 ppm methane (20 kBq per assay). Total methane 
ppm methane and organic substrates (10 pmol glu- consumption was determined by gas chromatogra- 
cose, 2 mg starch, 2 mg yeast extract, 10 pmol phy. Jar headspace samples of 0.5 ml were collected 
methanol, 20 pmol ethanol, 20 pmol formate, 20 for determination of 14C02 using a trap containing 3 
pmol acetate, 10 pmol P-hydroxybutyrate, 10 pmol ml of 0.5 M potassium hydroxide. A pulse of unla- 
malate, or 20 pmol lactate per 10 g fresh soil), 1000 beled methane was added to the soil after the initial 
ppm hydrogen, 0.2 and 2% oxygen or 10% carbon methane depletion, and production of 14C02 was 
dioxide. Uptake kinetics for 100 ppm methane were assayed for an additional period. Incorporation of 
followed periodically; uptake of atmospheric methane radiolabel into phospholipids was assayed by extract- 
was measured after the soil was equilibrated at ambi- ing the soil at the termination of the incubation with 
ent air. Copper sulfate (0.01 nmol-10 pm01 per g methanol:dichloromethane according to Petersen et 
soil), nitrate (1 pmol per g soil) or a lo-fold concen- al. [22]. Radioactivity in the dichloromethane frac- 
trated mineral medium (0.1 ml per g soil); medium tion was determined after evaporating the solvent, 
components as described by Widdel and Pfening [29] and resuspending the residue in liquid scintillation 
were added to soil for similar assays. cocktail. 
Various antibacterial antibiotics were added (2 ml 
to 10 g soil) as freshly prepared aqueous solutions: 
streptomycin (0.5 and 5 mg ml-’ = 0.1 and 1 mg 
gfw soil-‘) chloro tetracycline (0.5 and 5 mg ml-’ 
= 0.1 and 1 mg gfw soil-‘), chloramphenicol (0.5 
mg ml-’ = 0.1 mg gfw soil-‘), and ampicillin 0.5 
mg ml-’ = 0.1 mg gfw soil-‘). The anti-eukaryotic 
inhibitor cycloheximide (7.5 and 15 mg ml-’ = 3.75 
and 7.5 mg gfw soil-‘) was also used. All assays 
were based on initial headspace methane concentra- 
tion of 1.7 ppm for soil and of 100 ppm for culture 
experiments. 
The response to methane starvation was assayed 
by incubating soils with sub-atmospheric methane 
levels. Glass jars with 10 g soil were flushed with 
synthetic air containing < 0.03 ppm methane. After 
4 h and 2, 4, 8, 12, 16 and 38 days the jars were 
opened, allowed to equilibrate with ambient air and 
re-sealed for assays of atmospheric methane con- 
sumption rates. 
Cultures of Methylobacter albus and Methylosi- 
nus trichosporium OB3b were obtained from R.S. 
Hanson. Both cultures were grown in a phosphate- 
buffered mineral medium [29] to an optical density 
of 0.6 to 0.9 at a wavelength of 600 nm. Cultures 
were harvested by centrifugation and resuspended in 
medium to an optical density of 2.7. Two ml of the 
cell suspensions were placed in glass jars and incu- 
bated on a shaker with 120 rpm. Alternatively 2 ml 
of the cell suspensions were sprayed onto 10 g 
autoclaved sand or soil and transferred into jars 
incubated without shaking. Uptake rates of atmo- 
spheric methane were measured frequently over a 
time period of 15 days. After methane uptake was 
measured the jars were opened, covered with a wet 
towel to prevent desiccation and incubated at room 
temperature under ambient methane concentrations 
during intervals between uptake assays. 
Methane was analyzed by gas chromatography 
according to King and Adamsen [14]. For methane 
consumption above 100 ppm, rates were calculated 
from linear regressions of the time course data. Since 
methane consumption at lower concentrations was 
first order, oxidation rates were calculated using rate 
constants determined from exponential curve fits. 
To determine patterns of carbon utilization, 15 ~1 
of 14CH, (specific activity 2068 MBq mmol-‘, > 
99% purity; Amersham Corp., Amersham, UK) was 
added to 10 g soil in 120-ml glass jars for assays at 
atmospheric methane concentration (3 kBq per as- 
For traditional enrichment experiments in liquid 
media, 3 g fresh soil was added to 30 ml bicarbon- 
ate-buffered mineral medium [29] in 160-ml serum 
bottles. Potassium nitrate (0.4 g/l) was used as a 
nitrogen source. Trace element solution SLlOa [30] 
was used with a IO-fold higher copper concentration. 
Vitamins were added as sterile solutions as described 
by Widdel and Pfennig [29]. Bottles were sealed with 
red rubber stoppers; the gas phases contained 10% 
CO, with various concentrations of methane. Enrich- 
ments were initiated with 100 ppm, 1000 ppm, or 
1% methane in the gas phase, corresponding to about 
3.2, 32 and 320 ppm (0.132, 1.32 and 13.2 PM) 
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were isolated on agar or gelrite plates using standard 
plating and streaking techniques. Plates were incu- 
bated in anaerobic jars containing air with 10% CO, 
and approximately 5% methane. 
3. Results 
3.1. Response to enhanced methane availability 
Methane oxidation rates for soil cores incubated 
continuously with atmospheric methane concentra- 
tion were constant for 4 months (Fig. 1). A stable 
depth profile of methane developed within the soil 
cores (Fig. 2), but the specific activity for atmo- 
spheric methane consumption stayed homogeneous 
over depth. Uptake rates assayed with 17 ppm 
methane were 5-6 times higher than with 1.7 ppm, 
and did not change during 2 weeks of continuous 
incubation with 17 ppm methane (Fig. 1). Assayed 
with 170 ppm methane, rates were slightly higher 
than those measured with 17 ppm, and remained 
unchanged for 3 weeks of continuous incubation 
with 170 ppm methane. In addition also the rates for 
atmospheric methane consumption were unchanged 
after 3 weeks of 170 ppm incubation. Although 
-z LI 
0 
--=* *a= ,** ,, 
0 40 80 120 160 200 
Time (d) 
Fig. 1. Time course of methane uptake rates of soil cores filled 
exclusively with soil from the most active soil interval (4-6 cm). 
Soil cores were first incubated at atmospheric methane concentra- 
tion (for 126 days) and later at 17 ppm (for 14 days), 170 ppm 
(for 24 days), and 1000 ppm methane (for 26 days). Methane 
consumption rates at atmospheric methane concentration CO), at 
17 ppm ( n ), at 170 ppm ( A ), and at 1000 ppm methane ( +) are 
shown over the time of the experiment. Values are means + 1 S.E. 
for triplicate assays. 
Methane concentration (ppm) 
1 .o 1.2 1.4 1.6 1.8 2.0 
I I I I 1 1 
8 
0 0.2 0.4 0.6 0.8 1 
Methane consumption 
(nmol h-’ g dry soir’) 
Fig. 2. Depth profile of methane concentrations (0) in the soil 
cores of the enrichment experiment and potential methane oxida- 
tion rates (0) over the core depth after 8 weeks of incubation at 
atmospheric methane concentration. Values are means + 1 SE. 
for triplicates. 
methane consumption at 1000 ppm was initially 
similar to that at 170 ppm, rates increased slowly 
over a period of 5 weeks. As a result of the difficulty 
in equilibrating soil cores incubated at 1000 ppm 
with atmospheric methane, jar experiments (10 g soil 
in 120 ml jar) were used to compare activities at 1.7 
and 1000 ppm methane during an incubation with 
1000 ppm methane. After 5 weeks of incubation at 
1000 ppm methane, the oxidation rate at 1000 ppm 
methane increased 176-fold compared to the initial 
rate, the rate for atmospheric methane oxidation 
however increased only 5.5fold (Fig. 3). Both rates 
decreased rapidly after incubation at atmospheric 
methane concentration. 
The methane consumption rate at 170 ppm 
methane was 90.7 nmol gfw soil-’ d- ‘, 36-fold 
higher than the rate at atmospheric methane concen- 
trations (2.5 nmol gfw soil-’ d-l). However, the 
fractions of methane (14CH4) oxidized and recov- 
ered as14COz were very similar: 51.9% at atmo- 
spheric methane concentration and 46.6% at 170 
ppm methane (Fig. 4). The label recovered from soil 
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0 10 20 30 40 50 60 70 
Time (days) 
Fig. 3. Rates of methane consumption were measured at methane concentrations of 1.7 ppm (0) or 1000 ppm (crossed square). Soils were 
incubated with 1000 ppm methane in the headspace for the first 36 days; then headspace concentrations were reduced to 1.7 ppm methane 
for the subsequent 30 days. Headspace concentrations were adjusted as necessary for assays of uptake rates at 1.7 or 1000 ppm; after the 
assay, head spaces were reestablished at the designed concentration for incubation. Values are means + 1 SE. for quadruplicate assays. 
spheric methane concentration, and 0.22% at 200 
ppm methane. 
3.2. Response to multi-carbon substrates and nutri- 
ents 
None of the substrates tested (Table 1) stimulated 
methane consumption at atmospheric methane con- 
centration or 100 ppm methane. The rates for methane 
consumption at both concentrations did not change 
over a period of 3-8 weeks of incubation with 100 
ppm methane. Addition of copper (0.01 nmol, 1 
nmol, 0.1 pmol, 1 pmol or 10 pmol per g soil) did 
not affect atmospheric methane uptake. Low oxygen 
concentration (0.2 or 2%) inhibited methane con- 
sumption, while elevated carbon dioxide concentra- 
tions (10%) had no effect. Addition of mineral 
medium showed a strong, whilst nitrate showed a 
slight inhibitory effect. 
3.3. Response to methane starvation 
Forest soil incubated with synthetic air containing 















0 5 10 15 20 2!xy 
Time (h) 
Fig. 4. Methane consumption (0) and carbon dioxide production (0) with soil at atmospheric (A) and 170 ppm methane concentration (B). 
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Table 1 
Response of soil methane consumption to substrate addition. 
Relative methane uptakes at 1.7 and 100 ppm methane are given 
in % of the water control assay 
Substrate added Relative uptake Relative uptake 
(concentration gfw soil-‘) at 1.7 ppm a at 100 ppm b 
Control 100 100 
Glucose (1 pmol) 101.4 101 
Starch (0.2 mg) 99.5 
Yeast extract (0.2 mg) - 66.5 
Methanol (1 pmol) 98.6 28.8 
Ethanol (2 pmol) 84.2 
Formate (2 pmol) 102.8 - 
Acetate (2 pmol) _ 40.4 
P-Hydroxybutyrate ( 1 pmol) 92.0 - 
Lactate (2 pmol) _ 73.5 
Malate (2.5 pmol) 103.3 
Hydrogen (100 ppm) ’ 
Oxygen (0.2%) ’ 
Oxygen (2%) ’ 
Carbon dioxide (10%) ’ 
Nitrate (1 pmol) 







- = not determined. 
a Samples were incubated at 1.7 ppm methane. 
b Samples were incubated at 100 ppm methane. 
’ Gas phase concentrations. 
consumption exponentially over time (Fig. 5). After 
6.3 days of incubation only 50% of the original 
activity remained, and after 38 days, activity was 
14% of the initial uptake (10.5 nmol gfw soil-’ 
dd’). Activity could not be restored after re-intro- 
duction of atmospheric methane, e.g. 47.5% of the 
Starvation time (d) 
Fig. 5. Rate constants of atmospheric methane consumption by 
soil incubated under hydrocarbon free air for various times be- 
tween 4 h to 38 days. After the incubation time, soil was 
re-exposed to ambient air, and methane uptake rates were mea- 
sured. Values are means + 1 S.E. for quadruplicate assays. 
original activity remained after incubation with syn- 
thetic air for 8 days; this level of activity did not 
increase after subsequent incubation with ambient 
methane concentrations for 16 days. 
3.4. Response to antibiotic addition 
Atmospheric methane consumption by soil was 
inhibited by the addition of antibacterial antibiotics 
(streptomycin, chloro tetracycline, chloramphenicol, 
ampicillin) as well as an eukaryotic antibiotic 
(cycloheximide). Streptomycin at a concentration of 
0.1 mg g soil-’ only slightly depressed methane 
Table 2 
Rate constants (h-r ) for atmospheric methane uptakes by cell suspensions of Merhylosinus trichosporium OB3b and Merhylobacter albus. 
Two ml of the cultures (OD eon 2.7) were incubated in 120-ml glass jars on a shaker, or were sprayed on 10 g autoclaved soil or sand. Rate 
constants (h-’ ) for 10 g fresh are given for comparison. Values are means of triplicates + 1 S.E. 
Culture and condition Time (days) 
0 2 6 15 
M. albus 
M. albus on sand 
M. albus on soil. 
M. trichosporium OB3b 
M. trichosporium OB3b on sand 
M. trichosporium OB3b on soil 
Soil from the 4-6 cm interval 
0.0822 + 0.0139 0.0612 f 0.0010 0.003 f 0.001 0.0018 f 0.0004 
0.1908 k 0.0082 0.2748 rt 0.0204 0.0234 f 0.001 0.0048 + 0.0003 
_ - 
0.1002 f 0.0099 0.084 + 0.0032 0.0516 + 0.0007 0.0114 + 0.0008 
0.2604 f 0.0042 0.2856 f 0.0014 0.036 + 0.0031 0.0168 * 0.0011 
_ _ _ 
0.1854 f 0.0072 0.2356 + 0.0091 0.2118 + 0.0022 0.2754 f 0.0011 
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uptake (92% of control uptake rates); however, 1 mg 
g soil-’ streptomycin substantially inhibited methane 
consumption (65% of the control methane uptake). 
With chloro tetracycline methane consumption was 
57% and 19% of the original activity at 0.1 mg g 
soil - ’ and 1 mg g soil-‘, respectively. Chloram- 
phenicol (0.1 mg g soil- ‘) depressed methane con- 
sumption by 40%. Ampicillin at 0.1 mg g soil-’ 
depressed methane uptake by 73% of the control 
activity and by 46% at 0.5 mg g soil-‘. At a 
concentration of 1.5 mg g soil- ’ cycloheximide 
methane consumption was not affected, however, 
uptake was only 77% of the control activity at 3.0 
mg g soil-‘. Cell suspensions of M. trichosporium 
OB3b were similarly sensitive to both the antibacte- 
rial antibiotics, and cycloheximide. 
3.5. Atmospheric methane consumption by Methylos- 
inus trichosporium OB3b and Methylobacter albus 
Dense cell suspensions (9.5 . lo8 cells/ml) of M. 
trichosporium and M. albus consumed atmospheric 
methane with rate constants of 0.10 h-’ assay (2 ml 
culture)- ’ and 0.0822 h- ’ assay (2 ml culture)-‘, 
respectively (Table 2). The rate constant for forest 
soil from the 4-6 cm depth interval was approxi- 
mately twice as high (0.186 h-’ assay (10 g soil)-‘). 
Culture cell suspensions sprayed on autoclaved soil 
with a pH 4.5 did not consume atmospheric methane. 
However, cell suspensions sprayed on washed and 
autoclaved sand showed 2.3 to 2.6 times greater 
methane consumption rates than cell suspensions (of 
the same optical density in the same volume of 
medium) incubated without a surface support. Con- 
trols of autoclaved sand did not consume any 
methane. The capacity of cultures to consume atmo- 
spheric methane was initially higher in cell suspen- 
sions sprayed on sand: activities were unchanged in 
the sand cultures after 2 days, whereas methane 
uptake rates for the control cultures decreased by 
16-26%. After 6 days, M. albus on sand still showed 
13% of the original activity, while the control culture 
in liquid only showed 4%. In contrast, cell suspen- 
sions of M. trichosporium OB3b retained 52% of the 
initial activity, while cultures on sand retained only 
14% of their original methane oxidizing capacity. 
After 15 days, the activities of all cultures decreased 
to 2-12% of the original consumption rates. 
3.6. Enrichment experiments in mineral medium 
Enrichment cultures using soil from the 4-6 cm 
depth interval, a bicarbonate-buffered medium and 
gas phase methane concentrations of 100 ppm showed 
no methane consumption over 12 months. However, 
in enrichments with 1000 ppm methane, methane 
was depleted after 4 weeks at 28°C and after 3 
months at 10°C. Methane consumption was stimu- 
lated by repeated addition of 1000 ppm methane. 
Four pure cultures were isolated at 10°C and 28°C on 
agar or gelrite plates. All isolates consumed methane 
on plates or slants but did not grow in liquid culture. 
4. Discussion 
Methane consumption by soil cores filled with the 
most active soil layer (4-6 cm depth) and incubated 
with ambient methane concentration remained stable 
for more than 4 months (Fig. 1). Even though the 
surface layer of the cores was exposed to approxi- 
mately twice the in situ methane concentration, the 
rates of methane consumption did not increase within 
18 weeks of incubation (Fig. 2). The soil cores 
developed a stable methane profile within a soil 
depth of 12 cm reflecting a steady state of diffusion 
and methane consumption. After incubation for 2 
weeks at 17 ppm, the amount of carbon metabolized 
was equivalent to the amount of carbon metabolized 
at 1.7 ppm within lo-12 weeks. Similarly methane 
uptake at 170 ppm was 8 times that at 1.7 ppm, and 
the amount of carbon metabolized during 3 weeks of 
incubation was equivalent to 24-27 weeks of atmo- 
spheric methane consumption. However, methane 
uptake rates remained constant during the 17 and 
170 ppm incubation periods suggesting that the soil 
methanotrophs were unable to grow in response to 
increased methane availability. 
The ratio of carbon dioxide produced to methane 
metabolized indicates the potential for carbon incor- 
poration into cell mass. For methanotrophs in cul- 
ture, approximately 50% of the methane consumed is 
dissimilated while the rest is assimilated [2,12]. From 
previous work it has been evident that soil methan- 
otrophs have a limited capacity to grow when using 
atmospheric methane [16,24]. One reason could be 
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mands for maintenance may require a high level of 
methane dissimilation, leaving only a small amount 
of carbon for cell mass syntheses. The percentage of 
14C02 produced from 14CH4 both at 1.7 and 170 
ppm was very similar (51.9% at 1.7 ppm and 46.6% 
at 170 ppm, Fig. 4) and comparable to data for 
cultures grown with high methane concentrations. 
The amount of label recovered in phospholipids as 
an indicator for soil biomass was also similar at 1.7 
and 170 ppm methane, 0.35% and 0.22%, respec- 
tively. Although isotopic dilution may cause underes- 
timates of the true level of dissimilation [15], the 
‘pulse-chase’ results suggest that such problems were 
minimal. Thus, the energetic demands for soil 
methanotrophs using atmospheric methane may be 
high relative to those for typical culture conditions. 
Alternatively, the demands of cell maintenance for 
carbon (e.g. membrane, protein, nucleic acid) 
turnover may result in an apparently normal level of 
dissimilation, but preclude growth until cell-specific 
methane uptake rates exceed some threshold value, 
probably requiring gas phase methane concentrations 
> 200ppm. 
The capacity for soil methane consumption was 
stimulated after incubation at 1000 ppm methane, 
probably as a result of methanotrophic growth. How- 
ever this increased activity could not be maintained 
during subsequent incubation with atmospheric 
methane concentrations (Fig. 3). It is likely that 
incubation with 1000 ppm methane enriched for 
methanotrophic bacteria with high K, and high V,,, 
values, characteristics that are atypical for atmo- 
spheric methane consumption by soil [4]. The loss of 
methanotrophic activity at ambient methane concen- 
tration is consistent with results of Roslev and Ring 
[23], who showed that such levels elicited a starva- 
tion response from cultures of Methylosinus tri- 
chosporium OB3b. 
Soil incubated with low methane (< 0.03 ppm) 
air lost the capacity for atmospheric consumption 
exponentially (Fig. 5). The methane-oxidizing activ- 
ity of soil starved for 8 days was 47.5% of the 
original activity; no recovery was evident after 16 
days of incubation at ambient methane concentration. 
These results suggest that atmospheric methane is 
the primary substrate supporting the activity of soil 
methanotrophs. Since eight days of starvation de- 
creased the activity irreversibly, it appears that atmo- 
spheric methane concentration is basically sufficient 
for maintaining methanotrophic populations in soils 
in a steady-state with respect to losses such as cell 
death and grazing by protozoa. The sensitivity of the 
methane-consuming activity in soil to several antibi- 
otics that inhibit protein synthesis indicates a role for 
protein turnover in methane oxidation within 3-4 h, 
since the inhibitory effect of the antibiotics appears 
within that time. 
Methanotrophic activity did not appear to respond 
to a variety of possible co-substrates, including C, 
substrates (methanol, formate) and various complex 
organics (glucose, starch, yeast extract; Table 1). 
Hydrogen also did not influence soil methane con- 
sumption. Co-metabolism of organic compounds or 
hydrogen, if it occurred, could enhance growth or 
maintenance for cells exposed to ambient or sub-am- 
bient levels of methane. Wolf and Hanson [31] de- 
scribed the isolation of acid-tolerant (pH 4) 
methane-oxidizing yeasts from soils that also grew 
on complex organic substrates. A facultative methan- 
atrophic bacterium was described by Patt et al. [21] 
that incorporated 14C-carbon into cell mass from 
growth on 14CH4 (in the presence of unlabeled glu- 
cose). The absence of any response in our experi- 
ments indicates that soil methanotrophs may have a 
more limited substrate spectrum than has been de- 
scribed for methanotrophs in culture [3,8,9,28]. 
The soil from the 4-6 cm depth interval used in 
this study had a low extractable nitrogen content (6.5 
pmol ammonium gdw soil-‘, 0.3 pmol nitrate gdw 
soil-‘; [24]) that might be growth limiting for 
methanotrophs. However, the lack of any stimulation 
of methane consumption by nitrate additions sug- 
gests that assimilable nitrogen is not a major limiting 
factor. In contrast the response of these soils to 
ammonium was inhibitory, as described elsewhere 
[16,24]. Copper availability also did not appear to 
limit growth or activity, since addition of copper 
sulfate did not affect methane consumption, even at 
relativ high concentrations (10 pmol gfw soill ’ 1. In 
a more general sense, the increased availability of 
various cations and anions was not limiting for 
growth or enzyme activity, since addition of a min- 
eral medium did not enhance methane consumption 
over a period of 8 weeks. In contrast lower oxygen 
concentrations (0.2 and 2%) in the headspace par- 
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soil methane consumption may not be due to mi- 
croaerophiles. 
Dense cell suspensions of Methylosinus tri- 
chosporium OB3b and Methylobacter albus con- 
sumed atmospheric methane. However, assays with 2 
ml culture suspensions of OD,,, 2.7 (= 1.91 lo9 
cells) showed half the rate constant of 10 g forest 
soil (Table 2). Thus the activity of 1 g forest soil was 
equivalent to 3.8. 10’ cells of the cultures, which 
seems unrealistically high for soil methanotrophs. A 
lower number of methanotrophs with different ki- 
netic parameters than the cultures is much more 
likely, as Bender and Conrad [3] pointed out. Auto- 
claved sand enhanced methane consumption by the 
cultures, probably in part because of enhanced diffu- 
sive transport of methane. However, it was still 
evident that the cultures were unable to sustain activ- 
ity at atmospheric methane. This suggests that exist- 
ing methanotrophic isolates may share many charac- 
teristics with soil methanotrophs, yet differ funda- 
mentally in kinetic properties. Surface matrix of soil 
could have an important impact on the methane 
consuming activity in soil. The lack of surface ma- 
trix could be a reason for our inability to grow our 
soil isolates of methanotrophs in liquid culture. 
In conclusion, our results provide evidence that 
methane is the primary substrate (carbon and energy 
source) of soil methanotrophs. The methane consum- 
ing activity of soil was stimulated at methane con- 
centrations > 1000 ppm, but not by organic sub- 
strates or inorganic co-factors. Soil incubated under 
hydrocarbon-free air ( < 0.03 ppm methane) lost the 
capacity for methane consumption exponentially, and 
did not recover with subsequent incubation at ambi- 
ent methane concentration. The increased activity of 
soils incubated with 1000 ppm methane was much 
greater for rates measured at 1000 ppm methane than 
those measured at atmospheric methane, indicating 
that the population enriched by 1000 ppm methane 
had different kinetic characteristics than the methan- 
otrophs responsible for consuming ambient methane. 
The fraction of methane carbon oxidized was the 
same at atmospheric methane concentrations and at 
170 ppm methane, and generally similar to reports 
for pure cultures of methanotrophs incubated with 
percent levels of methane. Although the high-affinity 
soil methanotrophs remain uncultured, our results 
indicate that their substrate utilization patterns are 
typical of known methanotrophs, but with different 
kinetics for methane uptake. 
Acknowledgements 
We thank Peter Roslev and Aram Calhoun for 
many helpful discussions. This work was supported 
by NASA NAGW-3746, NSF DEB 91-07315, and a 
fellowship of the Deutsche Forschungsgemeinschaft 
(S.S.). 
References 
[l] Adamsen, A.P.S. and King, G.M. (1993) Methane consump- 
tion in temperate and subarctic forest soils: Rates, vertical 
zonation and responses to water and nitrogen. Appl. Environ. 
Microbial. 59, 485-490. 
[2] Anthony, C. (1986) Bacterial oxidation of methane and 
methanol. Adv. Microb. Physiol. 27, 113-210. 
[3] Bedard, C. and Knowles, R. (1989) Physiology, biochemistry 
and specific inhibitors of CH,, NH: and CO oxidation by 
methanotrophs and nitrifiers. Microbial. Rev. 53, 68-84. 
[4] Bender, M. and Conrad, R. (1992) Kinetics of CH, oxidation 
in oxic soils exposed to ambient air or high CH, mixing 
ratios. FEMS Microbial. Ecol. 101, 261-270. 
[5] Conrad, R. (1984) Capacity of aerobic microorganisms to 
utilize and grow on atmospheric trace gases (H,, CO, CH,). 
In: Current Prespectives in Microbial Ecology &lug, M.J. 
and Reddy, C.A., Eds.), pp. 461-467. American Society for 
Microbiology, Washington DC. 
[6] Conrad, R. and Seiler, W. (1985) Influence of temperature, 
moisture and organic carbon on the flux of H, and CO 
between soil and atmosphere: Field studies in subtropical 
regions. J. Geophys. Res. 90, 5699-5709. 
[7] Crill, P.M. (1991) Seasonal patterns of methane uptake and 
carbon dioxide release by a temperature woodland soil. Global 
Biogeochem. Cycles 5, 319-334. 
[8] Hanson, R.S., Netrusov, A.I. and Tsuji, K. (1991) The 
obligate methanotrophic bacteria Mefhylococcus, Meth- 
ylomonas and Methylosinus. In: The Prokaryotes (Balows, 
A., Truper, H.G., Dworkin, M. and Schleifer, K., Eds.), pp. 
2350-2364. Springer-Verlag, Berlin. 
[9] Higgins, I.J., Best, D.J., Hammond, R.C. and Scott, D. 
(1981) Methane-oxidizing microorganisms. Microbial. Rev. 
45556-590. 
[lo] Hubley, J.H., Thomson, A.W. and Wilkinson, J.F. (1975) 
Specific inhibitors of methane oxidation in Methylosinus 
trichosporium. Arch. Microbial. 102, 199-202. 
1111 Jollie, D.R. and Lipscomb, J.D. (1991) Formate dehydroge- 
nase from Methylosinus trichosporium OB3b. Purification 
and spectroscopic characterization of the cofactors. J. Biol. 










tr user on 11 O
ctober 2021
294 S. Schnell. GM King / FEMS Microbiology Ecology I7 (1995) 285-294 
[12] Leak, D.J. and Dalton, H. (1986) Growth yields of methan- 
otrophs. 2. A theoretical analysis. Appl. Microbial. Biotechn. 
23, 477-481. 
[13] Keller, M., Veldkamp, E., Weitz, A.M. and Reiners, W.A. 
(19931 Effect of pasture age on soil trace-gas emissions from 
a deforested area in Costa Rica. Nature (London) 365, 244- 
246. 
[14] King, G.M. and Adamsen, A.P.S. (1992) Effects of tempera- 
ture on methane consumption in a forest soil and in pure 
cultures of the methanotroph Methylomonas rubra. Appl. 
Environ. Microbial. 58, 2758-2763. 
1151 King, GM. and Berman, T. (1984) Potential effects of 
isotopic dilution on apparent respiration in r4C-heterotrophy 
experiments. Mar. Ecol. Prog. Ser. 19, 175-180. 






atmospheric methane concentrations on ammonium inhibi- 
tion of soil methane consumption. Nature (London) 370, 
282-284. 
King, G.M. and Schnell, S. (1994) Ammonium and nitrite 
inhibition of methane oxidation by Methylobacter albus BG8 
and Methylosinus trichosporium OB3b at low methane con- 
centration. Appl. Environ. Microbial. 60, 3508-3513. 
Koschorreck, M. and Conrad, R. (1993) Oxidation of atmo- 
spheric methane in soil: Measurements in the field, in soil 
cores and in soil samples. Global Biogeochem. Cycles 7, 
109-121. 
Mosier, A., Schimel, D., Valentine, D., Bronson, K. and 
Parton, W. (1991) Methane and nitrous oxide fluxes in 
native, fertilized and cultivated grasslands. Nature (London) 
350, 330-332. 
O’Neill, J.G. and Wilkinson, J.F. (1977) Oxidation of ammo- 
nia by methane-oxidizing bacteria and the effect of ammonia 
on methane oxidation. J. Gen. Microbial. 100, 407-412. 
Patt, T.E., Cole, G.C., Bland, J. and Hanson, R.S. (1974) 
Isolation and characterization of bacteria that grow on 
methane and organic compounds as sole source of carbon 
and energy. J. Bacterial. 120, 955-964. 
[22] Petersen, S.O., Henriksen, K. Blackburn, T.H. and King, 
G.M. (1991) A comparison of phospholipid and chloroform 
fumigation analysis for biomass in soil: potentials and limita- 
tions. FEMS Microbial. Ecol. 85, 257-268. 
[23] Roslev, P. and King, G.M. (1994) Survival and recovery of 
methanotrophic bacteria starved under oxic and anoxic condi- 
tions. Appl. Environ. Microbial. 60, 2602-2608. 
[24] Schnell, S. and King, G.M. (1994) Mechanistic analysis of 
ammonium inhibition of atmospheric methane consumption 
in forest soil. Appl. Environ. Microbial. 60, 3514-3521. 
[2.5] Steudler, P.A., Bowden, R.D., Melillo, J.M. and Aber, J.D. 
(1989) Intluence of nitrogen fertilization on methane uptake 
in temperate forest soils. Nature (London) 341, 314-316. 
[26] Whalen, S.C. and Reeburg, W.S. (1990) Consumption of 
atmospheric methane by tundra soil. Nature (London) 346, 
160-162. 
[27] Whalen, S.C., Reeburgh, W.S. and Sandbeck, K.A. (1990) 
Rapid methane consumption in a landfill cover soil. Appl. 
Environ. Microbial. 56, 3405-3411. 
[28] Whittenbury, R., Phillips, K.C. and Wilkinson, J.F. (1970) 
Enrichment, isolation and some properties of methane-utiliz- 
ing bacteria. J. Gen. Microbial. 61, 205-218. 
[29] Widdel, F. and Pfennig, N. (1984) Dissimilatory sulfate-or 
sulfur-reducing bacteria. In: Bergey’s Manual of Systematic 
Bacteriology, IXth edn., (Krieg, N.R. and Holt, J.G., Eds.), 
pp. 663-679. Williams and Wilkins, Baltimore. 
[30] Widdel, F. (1986) Growth of methanogenic bacteria in pure 
culture with 2-propanol and other alcohols as hydrogen 
donor. Appl. Environ. Microbial. 51, 1056-1062. 
[31] Wolf, J.H. and Hanson, R.S. (1979) Isolation and characteri- 











tr user on 11 O
ctober 2021
